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New  alkaline  battery  electrodes  used  in  cells  such  as  nickel  oxide-cadmium, 
nickel  oxide- hydrogen,  nickel  oxide-zinc,  and  silver  oxide-zinc  have  been 
developed  as  a result  of  contracted  and  in  house  research  at  the  Air  Force 
Aero -Propulsion  Laboratory.  Cathodic  hydroxide  precipitation  techniques  are 
used  for  preparation  of  nickel  oxide  and  cadmium  electrodes.  Bipolar  silver 
oxide-zinc  electrodes  are  fabricated  by  spray  deposition -si titering  and  vapor  j 
j deposition  techniques,  hovel  methods  for  preparation  of  dry  charged  nickel  , 
1 (tout'd)  f 
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oxide  electrodes  for  reserve  type  nickel  oxide-zinc  batteries  are  being  investi- 
gated. One  technique  involves  charging  conventional  sintered,  vacuum  impreg- 
nated electrodes  tt en  removing  electrolyte  with  a distilled  water  wash.  Drying 
is  per forced (in  vacuo. n The  plates  yield  rated  capacity  upon  activation,  but 
no  long  term  dry  storage  data  is  available.  Secondary  nickel  oxide  electrodes, 
prepared  by  Cathodic  precipitation  techniques,  appear  far  superior  to  other 
nickel  oxide  electrodes  because  of  their  reduced  thickening  with  charge-dis- 
charge cycling  at  deep  depths  of  discharge  and  their  good  charge  acceptance 
at  high  temperatures.  The  silver  oxide-zinc  electrode  fabrication  techniques 
have  made  construction  of  a multicell  pile  for  nigh  power  applications 
feasible.  Minor  problems  such  as  anomalous  gassing  have  been  incurred  but 
appear-  capable  of  solution,  For  the  zinc  electrode,  material  utilization 
factors  of  650,  680  and  600  ampere-seconds  per  gram  have  been  recorded  at 
current  densities  of  1.5,  1.75\and  2.C  amps/inch?,  respectively. 
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INTRODUCTION 


Developments  in  storage  batteries  have  been  slow  in  comparison  to 

other  areas  of  energy  conversion.  This  is  especially  true  in  the  field 

of  alkaline  batteries.  There  are  a number  of  reasons  for  the  meager 

progress,  but  without  enumerating  these,  it  should  be  mentioned  that 

many  of  the  breakthroughs  were  made  by  tireless  individuals  such  as 

Edison,  Jungner  and  Andre'.  An  excellent  review  of  their  work  is  given 

] 

in  the  book  by  Falk  and  Sal  kind  . 

The  first  alkaline  battery,  the  Lelaride-Chaperon  cell,  was  patent- 
ed in  1884.  Soon  afterwards  there  were  a number  of  variations  described 
in  the  patent  literature-  but  a modification  by  Edison  in  1889,  the 
Edison-Lelande  cell,  was  by  far  the  most  successful.  A modern  day 
version  is  still  used  in  railroad  signaling  applications.  It  was  only 
recently  that  production  of  this  copper  oxide-zinc  battery  was  termi- 
nated by  the  Edison  Storage  Battery  Division  of  the  McGraw-Edison  Co. 

In  1909  manufacturing  of  nickel- cadmium  pocket  plate  cells  began 

in  Sweden,  and  almost  twenty  years  later  sintered  plates  were  developed 

2 

in  Germany  for  nickel-iron  and  nickel -cadmium  cells  . The  first  military 
production  occurred  in  the  1930s,  and  variations  of  the  sintering  and 
impregnation  processes  are  stil  in  use  today  throughout  the  battery 
industry . 

The  first  successful  silver-zinc  battery  did  not  emerge  until 


S.U.  Falk  arid  A.J.  Sal  kind,  Alkaline  Storage  Batteries,  John  Wiley 
and  sons.  New  York,  1969. 

G . Pfleiderer,  F.  Spann,  P.  Gmelin,  K.  Ackennann , German  Patent 
491,498  (1928). 


I 


3 

1941,  after  over  twenty  years  of  work  on  the  system  by  Andre1'  . Its 
success  is  mainly  attributed  to  development  of  a cellophane  separator 
which  kept  the  colloidal  silver  oxide  partic’es  from  migrating  to  the 
negative  plate. 

Spin-offs  from  the  space  program  are  responsible  for  many  of  the 
present  day  improvements  that  we  have  in  alkaline  batteries  such  as 
Hermetically  sealed  nickel-cadmium  cells  and  vastly  improved  silver 
cel  1 s . 

Military  programs  have  also  played  a definite  role  in  many  of  the 
current  developments  in  alkaline  battery  technology.  Some  of  the  recent 
progress  at  the  Air  Force  Aero-Propulsion  Laboratory  in  electrode  fabri- 
cation is  given  in  this  report.  Techniques  in  electrochemical  impreg- 
nation of  sintered  nickel  plaque  with  cadmium  and  nickel  hydroxide  have 
been  developed  in-house  which  have  demonstrated  vastly  superior  perform- 
ance over  electrodes  presently  used  in  nickel  cadmium  cells.  This  nickel 
hydroxide  electrode  is  a logical  candidate  over  other  nickel  hydroxide 
electrodes  for  the  nickel  hydrogen  cell.  Due  to  investigations  for  a 
charged  dry  stand  nickel  hydroxide  electrode,  a reserve  type  nickel  zinc 
system  appears  feasible  for  replacement  of  the  costly  silver- zinc 
batteries  presently  used  in  primary  missile  batteries.  Final1'/,  high 
power,  on  the  order  of  megawatts,  appears  a definite  reality  for  aircraft 
applications  as  a result  of  a development  program  for  a bipolar  electrode, 
pile  type  silver-zinc  battery. 


3 
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IMPROVED  SECONDARY  NICKEL-CADMIUM  CELLS 


Nickel-Cadmium  batteries  have  been  in  commercial  production  over 

sixty  years.  The  earliest  versions  had  an  energy  density  of  about  four 

to  five  watt-hours  a pound  and  could  be  charged  and  discharged  in  45 
4 

minutes.  Welding  was  not  fully  developed;  therefore,  methods  of  con- 
struction were  mostly  dependent  upon  mechanical  means  of  assembly.  In 
contrast,  space-age  technology  has  provided  means  of  producing  nickel - 
cadmium  cells  that  can  store  and  deliver  up  to  five  times  the  electrical 
energy  in  a few  minutes  for  the  same  weight.  Needless  to  say,  these 
batteries  are  much  sturdier  in  construction  than  the  early  models. 

This  modern  day  version  which  is  the  power  storage  device  in  practially 
all  U-S.  Air  Force  satellites  and  aircraft  is  known  as  a sintered  plate 
nickel-cadmium  battery. 

The  first  sintered  plate  cells  were  developed  during  the  late  19?0s 

5 

at  the  I.G.  farben  industrie  A.G.  in  Germany.  Cells  using  this  design 
were  not  put  into  production  to  any  extent  until  almost  ten  years  later 
during  the  early  stages  of  World  War  II.  Sintered  plat  ;;  have  a large 
active  surface  area,  can  be  made  unusually  thin,  and  may  be  placed  very 
close  together.  These  features  give  rise  to  good  high  rate  performance. 
This  characteristic,  along  with  their  excellent  low  temperature  perform- 
ance, made  sintered  plate  nickel -cadmium  cells  excellent  candidates  for 
military  applications. 

Waldeinar  Junger,  Swedish  Patent  15, 56 7 (1901),  German  Patent  163, 1 7 u 
(1901).  See  S.U.  Fall  and  A. J.  Sa’kind,  Alkaline  Storage Batteries , 
John  Wiley  .arid  Sons,  New  York,  1969,  p.  16. 

" G.  Pfleiderer,  F.  Spaun , P.  Gmel  in,  K.  Ackemiann,  op.  cit. 
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Prior  to  development  of  the  sintered  plaque  electrode,  active  material 
in  the  plates  was  held  in  folded  pockets  of  thin,  perforated  copper  or 
nickel -plated  steel  sheets.  Graphit0  was  sometimes  added  to  enhance  con- 
ductance of  the  metal  oxides  and  hydroxides.  The  porous  sirrered  plaque 
replaced  the  pockets  yielding  a substrate  that  retained  the  active  material 
whiie  collecting  and  conducting  the  electric  current.  The  plaque  is  prepared 
by  sintering  a high  surface  area  nickel  powder  with  a centrally  located 
expanded  nickel  grid,  wire  screen,  perforated  nickel  or  nickel  plated  steel 
sheet. 

Sintering  is  a process  through  which  a mass  of  particles  having  the 
approximate  same  composition  is  transformed  into  a ridged  body  without 
reaching  the  melting  point  of  the  material.  In  general,  the  process  is 
possible  because  of  the  ability  of  metals  and  other  solids  to  exhibit  some 
bulk  and  surface  mobility.  Although  surface  tension  appears  to  constitute 
the  principal  driving  force,  the  subject  is  actually  a rather  complex  one 
and  not  uPy  understood. & Sintering  of  metal  powders,  such  as  iron  or 
nickel,  under  proper  conditions  produces  a continuous  porous,  conducting 
matrix,  which  can  be  impregnated  with  active  materials. 

The  active  materia!  in  u nickel -cadmium  battery  is  nickel  (III) 
hyr'r-  xide  (NiOOH)  in  the  positive  plate  and  cadmium  rnetu ! in  the  negative. 

On  discharge  the*'  e are  ronvet  ted  tc  nickel  (II)  hydroxide  (Ni  (OH).,)  and 
cadmium  hydroxide  (Cd(0H)o),  respectively.  The  electrolyte  used  is  30-34T 
potassium  hydroxide,  [gnat  ions  representing  the  hale -reactions  for  these 

6 

Arthur  W.  Ad  msen.  Physical  Chemistry  of  Surfaces,  Intersc tence . 

New  York,  3rd  Ld.  , 1967,  p.  263. 
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processes  at  each  electrode  are  shown  below: 


N i (0H)o  + OH' — NiOOH  ' Ho0  + a" 

'Discharge 

Discharge,. 

Cd  * 20H"  Tharge  td(0,l)2  + 2e' 

Actually  these  equations  are  not  fully  representative  of  all  phenomena 
occurring  on  charge  and  discharge  in  a nickel -cadmium  battery..  In  fact, 
the  physics  and  chemistry  of  a nickel -cadmium  battery  are  quite  complicated 
and  riot  fully  understood,  and  invest  ir  itions  are  still  being  carried  out 
in  order  to  better  elucidate  the  reactions  occurring  at  the  electrodes 
New  Methods  _of_Pla_te  Manufacture 

There  is  also  a great  deal  to  be  learned  about  impregnating  nickel 
plaques  with  active  material.  In  the  original  development  of  the  sintered 
electrode  the  active  material  was  introduced  by  doping  the  sintered 
plaques  in  solution  of  suitable  metal  salt-,  such  as  nitrates,  followed 
by  precipitation  of  the  metal  hydroxides  by  means  of  alkaline  solution. 
Variations  of  this  method  are  still  used  soday  which  include  the  use  of 
vacuum  to  increase  the  amount  of  nitrate  sal!  drawn  into  the  pores  of  the 
plaque  arid  a cathodization  trea‘ merit,  in  hot  a I ka  i i to  remove  residual 
nitrates  by  converting  them  to  ammonia  which  is  volatilized.  Hris 
process  require  a number  of  repetition'  to  fully  load  a plaque  with 
active  material.  Ari  alternate  'Method  for  impregna ■!  ion  us<c,  heat  to 
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the  nature  of  solvent,  boiling  temperature  and  current  density. 

The  first:  of  these  techniques  was  developed  by  R.L.  Beauchamp  at 

7 

Bell  Telephone  Laboratories,  and  involved  the  use  of  boiling  aqueous 
solutions.  Using  scanning  electron  microscope  techniques,  Beauchamp 
has  shown  that  a much  mere  uniform  distribution  nf  active  material  is 
achieved  throughout  the  plaque  than  with  conventional  vacuum-alkali 

g 

impregnation  methods.  Electrodes  fabricated  using  this  electrochemical 
method  show  a substantial  improvement  in  capacity  and  retention  of 
capacity  with  increasing  cycle  life.  In  the  Bell  Telephone  process  the 
plaque  is  made  cathodic  (the  negative  electrode  of  an  electrolysis  cell) 
in  a boiling  solution  of  nickel  or  cadmium  nitrate  and  sodium  nitrite 
using  inert  anodes.  A current  of  about  0.5  amperes  per  square  inch  of 
plaque  is  applied  for  30  minutes  to  one  and  one-half  hours  resulting  in 
a fully  impregnated  plaque.  Impregnation  using  state-of-the-art  methods 
requires  six  to  eight  hours. 

Similar  methods  of  impregnation  have  been  developed  at  the  Air  Force 

g 

Aero-Propulsicn  Laboratory.  These  methods  differ  from  the  Bell  method 
in  that  an  ethanol  solution  is  used  for  impregnation  of  the  positive  plate 
and  high  current,  density  is  used  for  impregnation  of  the  negative  plate. 
Positive  electrode,  impregnated  from  the  AFAPL  process  have  a capacity  of 
9 to  10  ampere  hours  \ ;•  cubic  inch  as  opposed  to  about  5 ampere-hours  per 
cubu  inch  tor  state-of-the-art . A fully  impregnated  negative*  plate  may 

K.1  P.eai..  nanp , 11.5.  is  tu-nt  3.5/3,101;  II. 5.  Paten!  3,653,96/. 

M l Beau-:.;  lamp , u ( lei  ft  k hemic  a:  Society,  to  be  published. 

David  I . J’.cket  f : 11. 5 P .'rut  . ! ,9  | j (Aug  19/4)  , 3,8/3,  30H  (Mar  19/5 


be  obtained  in  lass  than  10  minutes  using  the  AFAPt  technique.  Cells 
having  plate"  fabricated  according  to  these  procedures  have  very  good 
high  temperature  performance  and  very  stable  capacity  throughout 
numerous  charge-discharge  cycles. 

The  novelty  of  the  AFAPL  and  Bell  processes  of  impregnation  is  that 
precipitation  of  nickel  hydroxide  and  cadmium  hydroxide  inside  the  pores 
of  the  plaque  is  carried  out  electrochemical 1y  from  nitrate  solutions 
eliminating  the  need  for  conversion  through  dipping  in  alkali  or  through 
thermal  decomposition.  These  are  not  the  first  electrochemical  methods 
of  impregnation  that  have  been  devised,  but  they  are  the  only  ones 
reported  that  can  be  used  for  a full  loading  of  plaque  without  repetitions 
of  the  impregnation  cycle.1  Also,  with  other  electrochemical  methods 
it  is  difficult,  to  deposit  the  hydroxides  inside  the  pores  of  the  plaque 
without  precipitation  in  the  bulk  solution  and  on  the  outside  of  the 
plaque  surface.  These  side  effects  result  in  blockage  of  the  pores 
limiting  the  amount  of  active  material  that  can  be  introduced  into  the 
plaque.  In  the  Bell  process  these  undesirable  results  are  minimized 
through  add Hon  of  sodium  si  trite  to  the  impregnating  bath  In  the 
AFAPL  process  they  are  eliminated  by  use  of  an  ethyl  alcohol  solution 
Theory  of  JE1 ectrpc hewi ca_\  Impregnations 

In  order  to  obtain  a general  understanding  of  the  principles 
involved  in  these  processes , let  us  consider  wnat  happens  to  an  aqueous 

^ Other  methods  are  reported  c the  patent  literature,  but  working 
ce 'Is  re;.ui  t'.n,>  from  these  have  not  been  reported . Sea:  Pell , 

M.H.  , and  Blossom,  R. W , U.S  'fa Cent  3,507,699  ( 19/0)  ana 
Ha' cman,  C.C  , U.S.  Parent  3,6dO.T?/  i!97lj 
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Titrate  solution  when  electric  current  is  passed  through  it.  At  the 
negative  electrode  (the  cathode)  nitrate  and  water  are  reduced,  depending 
on  the  applied  potential  removing  hydrogen  ions  (or  producing  Oh"  ions). 
Equations  representing  these  half -react ions  are  shown  below.  If  metal 
NO-/'  + 2H+  + e"  NQ2  + H20 
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ions,  such  as  Ni H or  Cd’M  , are  present  that  form  insoluble  hydroxides, 
they  are  deposited  on  the  cathode  or  precipitated  in  solution  as  soon 
as  the  pH  of  the  solution  becomes  sufficiently  high.  In  other  words,  the 
react  ion 

Ni"t"t  (or  f.d*  } + 20H  ™ Ni(UH)?  (nr  | OH )-, ) 

occurs . 

At  the  anode  (positive  electrode)  the  reactions  occurring  depend 
on  the  composition  of  the  anode  as  well  as  the  applied  potential.  If 
an  inert  anode  is  present,  such  as  platinum,  water  is  oxidised  to  oxygen 

n 

and  hydrogen  Ions  are  generated  in  solution.  If  niche* , cadmi un , or 
'*  11  the  potential  is  sufficiently  high,  platinum  can 

c,’ 


be  ox  1 d i i ed . 


othci  oxidizahle  metal  anodes  are  used,  the  anodes  are  eventually  con- 
sumed into  solution.  In  summary , 

.+ 


H^G 


l/ZOg  + 2H  + ?.?.  (Inert  Anodes) 

Ni  (or  Cd)  ~ Ni K (or  Cd"*  + ) * 2e  (Consumable  Anodes) 

As  indicated  all  the  above  reactions  are  reversible.  Thus,  it  is 
possible  to  plate  nickel  or  cadmium  as  metals  on  the  cathode  and  to 
oxidize  all  the  various  nitrogen  compounds  back,  to  nitrate.  The  latter 
process  does  occur  to  some  extent  under  conditions  used  for  electro 
deposition  of  hydroxides  ir.  nickel  plaques,  but  plating  of  metals 
usually  doesn't  happen  as  the  potential  rarely  becomes  high  enough  to 
allow  it. 

If  ethanol  is  now  added  to  the  nitrate  solution,  the  chemistry 
becomes  much  more  complex  as  there  are  a number  of  organic  compounds 
formed  during  electrolysis.  In  addition,  the  thermodynamic  equilibria 
controlling  the  pH  or  acidity  of  the  solution  are  changed  suers  that  one 
now  has  a real  problem  in  trying  to  characterize  the  physical  as  well  as 
chemical  aspects  of  the  process.  There  is  enough  known  about  such  a 
system  that;  carrying  out  electrolysis  in  aqueous  ethanol  solutions  is 
not  entirely  "black  magic".  The  sane  reactions  occur  at  the  cathode  as 
in  aqueous  media.  In  add it  ion,  reactions  such  as  reduction  of  the 
ethanol  to  “thane  arc  possible. 


CJ'ir0H  + 2'Y  + 2e 

e > 


C,,Hr  + H„0 
l b c 


Probably  the  most  significant  in  terms  of  plaque  impregnation  are 
toe  a nod  it  reactions  concerning  oxidation  of  ethanol  to  acetaldehyde, 
,M.  •>:  *•  acid  and  carbon  0 1 oxide. 

G :::  CH.CHO  ; + 2e" 

t-  .•>  j 


CjjHgOH  *•  H?0  r CH-jCOOH  + 4H+  + 4e“ 

C2H50H  + 3H20  ~ 2C02  + 12H+  + 12e 

These  reactions  generate  hydrogen  ions  which  neutralize  excess  hydroxide 
ior,s  coming  from  the  reduction  of  nitrates.  This  effect  helps  to  control 
the  solution  acidity  and  prevents  precipitation  of  hydroxides  in  the  bulk 
solution. 

Lastly,  addition  of  ethanol  to  an  aqueous  solution  lowers  the  boiling 

1 ? 

point.  Alcohol  and  water  from  an  azeotrope  “*  at  77°  Centigrade.  In  the 
presence  of  nickel  nitrate  at  a concentration  favorable  for  plaque 
impregnation  (Ca.  2 moles  per  liter)  boiling  occurs  at  about  80aC.  This 
temperature  permits  use  of  plastic  tanks  for  carrying  out  depositions 
and  reduces  the  amount  of  energy  that  would  be  necessary  to  raise  the 
temperature  to  the  aqueous  boiling  point  of  104°C. 

From  the  above  discussion  . t is  readily  apparent  that  there  are 
complicating  features  associated  with  competing  reactions  and  the 
complementary  process  occurring  at  the  counter  electrode.  The  most 
important  are  reactions  that  tend  to  change  the  pH  or  acidity  of  the 
impregnation  bath.  If  the  bath  acidity  is  too  high,  hydrogen  ions  will 
remove  the  hydroxy  I ions  generated  in  the  plague  pore  structure  as  they 
can  diffuse  into  the  small  pores  much  more  readily  thar  nickel  or 
cadmium  ions  and  will  reduce  the  efficiency  of  the  process.  If  the 
acidity  is  too  low,  deposits  will  build  up  on  the  surface  of  the  plaque 

An  azeotrope  is  a boiling  solution  o*  two  or  more  liquids  whose  vapor 
has  a constant  composition,  "the  azeotropic  temporal ure  is  either  less 
than  or  more  than  the  boiling  point  of  all  the  constitu cents.  ft Hanoi 
and  water  form  an  azectrop? which  boils  at  a lower  temperature  than 
either  constituent  having  a composition  of  95%  ethanol. 
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and  deposit  in  the  bulk  solution  rather  than  in  the  pores.  In  the  Beil 
process  inert  anodei  are  used,  and  hydrogen  ion  is  readily  generated. 

In  order  to  control  the  increased  acidity  ar.d  buffer  the  solution, 
sodium  nitrite,  which  is  a weak  base  and  compatible  with  the  chemistry 
of  the  bath,  is  added  to  the  solution.  In  the  AFAPL  processes  consumable 
anodes  are  used  and  control  of  the  solution  acidity  does  not  become  as 
great,  a problem.  Production  of  hydrogen  ion  due  to  oxidation  of  alcohol 
is  a boon  as  it  does  not  allow  the  acidity  to  become  too  low.  The 
creation  of  acetates  and  acetic  acid  also  probably  helps  to  buffer  acid’ty 
of  the  solution.  Use  of  additives  to  control  pH  in  the  impregnation  of 
the  negative  plate  by  the  AFAPL  process  is  rot  necessary. 

Performance  Tests  for  Impr oved  Cells 

Lxpemr.ental  cells  having  plates  fabricated  according  to  the  AFAPL 
procedures  show  substantial  improvement  in  performance  ov:?r  state-of-the- 
art  cells  in  terms  of  cycle  life,  retention  of  capacity  with  cycle  lie, 
charge  acceptance  a‘  elevated  temperatures,  and  energy  density.  The 
latter  two  properties  are  ir/. luenced  to  some  extent  by  an  increased 
amount  of  cobalt  additive  in  tne  positive  plate,  but  mainly  by  efficient, 
deposition  of  active  material  using  electrochemical  impregnation  methods. 

When  cycled  under  accelerated  failure  conditions  of  elevated 
temperature,  moderately  high  charge  arid  discharge  rates  (one  hour  charge/ 
one  hour  discharge)  and  100%  depth  of  discharge,  22  ampere-hour  Al  APL 
cells  underwent  over  7 50  charge/discharge  cycles.  Under  the  same 
cord  it ions  state-of-the-art  aircraft  cells  of  the  same  rating  failed 
between  500  arid  650  cycles. 

The  improved  rote,  it  ion  of  sagacity  with  cycle  life  tor  Af  API  cells 
is  illustrated  in  figure  1.  The  fading  of  capacvy  with  cycle  life  in 
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nickel -cadmium  cell?  is  caused  by  the  negative  plate,  apparently  because 
the  small  particles  of  active  material  tend  to  agglomerate  reducing  the 
active  surface  area  of  the  plate.  This  effect  is  more  pronounced  with 
metal  electrodes.  It  is  apparently  minimized,  or  at  least  greatly 
reduced,  by  efficient  distribution  of  the  active  material  throughout  the 
plate  with  an  electrochemical  impregnation.  The  results  shown  in  Figure 
I were  taken  from  negative  limited  three  plate  cells  all  having  equal 
electrode  volume.  Capacity  per  pound  is  50  ampere-hours  for  the  E.I. 
electrode  as  opposed  to  40  ampere-hours  for  the  electrode  iri  cell  A and 
46  ampere-hours  for  the  electrode  in  cell  B.  Electrodes  for  A and  B 
were  taken  from  unused  standard  aircraft  cells.  The  cells  were  charged 
and  discharged  at  the  one  hour  rate.  Although  a small  number  of  cycles 
were  recorded,  one  can  readily  tell  that  the  trend  of  the  curves  for 
cells  A and  B is  toward  a more  rapid  decrease  in  capacity  than  for  the 
A FA PL  ce  l ! . 

The  difference  in  capacity  density  (or  energy  density)  is  much  more 

pronounced  in  the  positive  AFAPL  electrodes  when  compared  to  commercial . 

Performance  of  AFAPL  positi.e  electrodes  produced  at  a beaker  level  are 

shown  in  Table  J . Capacities  are  given  in  ampere-hours.  When  cycled 

under  the  same  conditions  state-of-the-art  aircraft  electrodes  have  a 

capacity  of  about  5 to  6 ampere-hours  per  cubic  inch  If  cycled  further , 
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the  Al- AML  electrodes  exhibit  about  1 2Qt  utilization  of  active  material . 

' ■ The  reason  fo*~  percent  ut i ' izetion  being  over  100  is  that  theoretical 
capacity  is  based  on  a one  - electron  change,  i.e.,  on  the  reaction 
NiOGH  + H..0  < e~  Ni(0Hl..  ' OH" 

The  above  reaction  is  overs  imp! i f led . An  explanation  has  been  offered 
recently  See;  J.F.  Jaokov i tz  arid  f)  W Feldman,  Extended  Abstracts 
f';P  i j , .j >'  . o,i  of  the  197?  Spring  Meeting  of  the  Electrochemical  Sc  iety, 
M;  • is  .oh,  Ha..  1972,  Abstract  ?5,  c67. 
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Ironically,  on  scaling  the  process  up  to  production  better  results 
were  obtained.  Results  of  the  first  and  fourth  impregnation  are  shown 
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in  Table  II.  Assuming  120%  utilization  of  active  material  can  be  obtained 
from  these  electrodes,  they  should  have  a capacity  of  greater  than  10 
ampere-hours  per  cubic  inch. 

The  apparatus  used  for  impregnation  is  shown  in  Figure  2.  It  consists 
of  five  anodes  and  four  9 1/2  inch  by  8 1/4  plaque  cathodes.  Each  plaque 
is  coined  into  six  2 3/4  inch  by  4 3/4  inch  electrodes.  The  bath  'is 
contained  in  the  polypropylene  tank  and  heated  by  circulation  through  an 
external  resistance  heater. 

Plates  from  plaque  numbers  GU-1  through  SU-4  have  been  combined  with 
negative  plates  made  from  a similar  impregnation  apparatus.  The  resulting 
cells  have  been  cycled  at  elevated  temperatures  and  their  charge  effici- 
ency versus  state  of  charge  curves  recorded.  A comparison  of  this  data 
with  data  recorded  for  standard  22  ampere-hour  aircraft  cells  under  the 
same  conditions  is  shown  in  Figure  3. 

From  these  results  it  can  be  seen  that  a much  more  efficient 

battery  results  from  the  electrochemical ly  mpregnated  plates.  For 
14 

example,  at  130°F  , a maximum  of  71%  of  the  total  rapacity  can  be 

obtained  from  an  aircraft  battery,  and  this  is  with  an  overcharge  of 
about  40%.  At  the  same  temperature  better  tnan  85%  of  the  capacity  can 
be  obtained  with  the  AFAPL  cell  ’with  less  than  half  the  amount  of  over- 
charge. At  90° F the  AFAPL  cells  are  far  superior  to  the  aircraft  cells 

at  75°,  and  at  ilO°F  there  is  hardly  a comparison  between  the  two. 

^ This  could  be  the  temperature  of  a battery  in  an  aircraft  taxiing 
on  a runway  in  the  Southwest  during  summer. 
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These  results  are  also  partly  due  to  high  concentrations  of  cobalt 

hydroxide  in  the  active  material  (Ca.  10  mole  %).  It  has  long  been  known 

that  cobalt  improves  high  temperature  charge  acceptance  in  the  nickel 
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hydroxide  electrode  along  with  capacity  and  cycle  life. 

Recent  work  by  Maloy  0 in  our  laboratory  has  offered  a partial 
explanation  for  this  effect.  Using  cyclic  voltametric  studies  it  was 
revealed  that  presence  of  cobalt  hydroxide  increases  the  reversibility 
of  electron  transfer  in  the  charge-discharge  cycle;  in  the  absence  of 
cobalt  hydroxide  a difference  oiC  150  mV  is  observed  between  charge  and 
discharge  peak  potentials.  In  the  presence  of  Ca^.  10%  cobalt  hydroxide, 
this  difference  is  only  75  mV.  The  cyclic  voltametric  curves  are  shown 
in  Figure  4. 

Chronocoulometric  studies  of  Maloy  show  that,  in  presence  of 
cobalt  hydroxide,  charge  efficiency  was  30%  greater  for  the  micro 
electrode  that  was  used,  at  room  temperature.  High  temperature  studies 
were  net  attempted. 

The  effect  of  moderately  high  temperature  cycling  (90°F)  has  been 
studied  by  Lander  and  Pickett  using  pilot  plant  fabricated  electrodes 
with  the  same  amount  of  cobalt.^  Cells  tested  yielded  greater  than 
9d%  of  original  capacity  at  over  1700  charge-discharge  cycles  at  the 
one-hour  rate  of  charge  and  discharge.  Charging  efficiency  was  also 
greater  than  98%  at  85%  of  measured  capacity. 


^ 0 S.U.  Falk  and  A.J.  Salkind,  Op.  Cit.,  po4. 

^ J.T.  Maloy,  "The  Effect  of  Cobalt  Hydroxide  Coprecipitation  in 
Nickel  Hudroxide  Electrodes",  Final  Report  under  1975  ASEE-USAF 
Summer  Faculty  Research  Program,  August,  1975. 

^ J.J.  Lar.der  and  D.F.  Pickett,  Paper  submitted  for  presentation 
at  27th  Power  Sources  Conference,  June,  1976,  Atlantic  City,  N.J. 


In 


* 

i 


Under  contract  with  Spectrolab  AFAPL  type  electrochemical  i.y 
impregnated  electrodes  were  used  in  fabrication  of  space  cells.  These 
cells  are  presently  under  test  at  the  Naval  Weapons  Support  Center, 

Crane,  Indiana.  Initial  tests  by  Spectrolab  showed  capacities  greater 
than  20  watt-hours  per  pound  (versus  16  W-nr/lb  for  state-of-the-art) . ^ 
The  nickel  hydroxide  electrode  made  by  electrochemical  impreg- 
nation processes  appears  to  be  a natural  candidate  for  the  new  nickel 
hydrogen  cell  due  to  its  structural  stability  with  respect  to  cycle  life. 
Swelling  of  nickel  hydroxide  electrodes  forces  electrolyte  out  of  the 
separator,  thus  drying  out  the  cell  stack.  Also,  the  more  demanding 
heat  removal  problems  of  the  nickel  hydrogen  cell  sometimes  forces  cell 
designers  to  use  very  narrow  distances  between  the  cell  stack  and  cell 
container.  If  an  electrode  is  used  which  is  not  structurally  sound, 
the  plates  can  be  shorted  by  the  metal  container. 

Recent  tests  in  our  laboratory  have  shown  that  the  AFATI  nickel 
hydroxide  electrode  can  withstand  over  400  room  temperature  charge- 

discharge  cycles  at  deep  depths  of  discharge  without  any  change  in 

,.  . 19 

dimensions . 

In  addition  to  results  presented  here  tests  have  been  performed 

by  TRW  Systems  Group  which  strongly  favor  the  use  of  these  electrodes 

20 

in  aerospace  nickel -cadmium  and  nickel  hydrogen  cells.  ' Work  is 
continuing  on  these  processes  and  plans  are  being  made  for  manufactur- 
ing development  in  the  very  near  future. 

^ V.J.  Puglisi  and  E.L.  Ralph,  "Development  of  Nickel  Alkaline 

Batteries  for  Aerospace  Lightweight  Secondary  Power",  Final  Report 
under  Contract  F3361 5-73-C-2012;  Af‘APL-TR-75-64 , June,  1975. 
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D.F.  Pickett,  et  aT.  Paper  submitted  for  presentation  at  the  27th 
Power  Sources  Conference,  June  1975,  Atlantic  City,  N.J. 
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R.H.  Sparks,  P . »• . Ritterman  and  R.l. . Patterson, 
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! PERFORMANCE  OF  NICKEL  HYDROXIDE  ELECTRODES 

IMPREGNATED  FROM  ETHANOL  SOLUTIONS 
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Plaque 

Theo.* 
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N i ( OH ) g + Co(OH)^ 

>,  arid  Co  (OH) 

is  active  material 

#--2.5  amp.  charge  to  120%  of  theo.  capacity  then  discharge  at  2.5  amps, 
j to  0.9  volts.  Average  of  cell  with  3,  4,  5,  and  6 taken. 

&- -After  20  charge/discharge  cycles. 
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0031 

6.8 

59.00 

1 . 74 

17.05 
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.0040 

9.3 

I 7 


i 


7 igure  2,  Itroregnat ion  Apparatus 


DRY  CHARGED  NICKEL  OXIDE  ELECTRODES  FOR  RESERVE' 
NICKEL  OXIDE- ZINC  BATTERIES 


Nickel  oxide-zinr  batteries  are  presently  being  investigated  as 
alternates  to  the  more  costly  silver  oxide-zinc  batteries  currently 
used  in  a number  of  applications.  Because  of  the  long  stand  t^mes 
involved  in  some  cases,  a reserve  battery,  in  which  the  electrolyte 
is  stored  separately  for  the  cell  stack,  must  be  used.  The  electrolyte 
is  injected  into  the  cell  chamber  in  order  to  activate  the  battery. 

For  such  a system  to  be  feasible,  dry  charged  electrodes  having  stand 
times  on  the  order  of  several  years  art  required.  The  positive  elec- 
trode is  almost  always  the  limiting  factor  in  this  case  as  it  has  a 
relatively  unstable  oxide  as  active  material.  For  example,  A§20^  is 
unstable  except,  in  alkaline  solution,  and  Ag^O  is  not  stable  at.  high 
temperature  (->300cC).  For  the  rystem  under  investigation,  the  unstable 
oxide  is  nickel  (ill)  oxide  or  nickel  (III)  hydroxide.  Techniques  for 
making  stable  nickel  oxide  electrodes  have  been  investigated  in  our 
laboratory  as  well  as  in  other  organizations.  There  is  data,  of  a 
proprietary  nature,  suggesting  that  it  is  quite  possible  to  construct 
a reserve  nickel-zinc  battery  with  several  years  stand  life, 

One  technique  which  has  been  demonstrated  in  our  laboratory 
’evolves  charging  conventional  vacuum  impregnated  plates  in  KGH  electro- 
lyte then  washing  in  distilled  or  deionized  water.  The  plates  are  then 
vacuum  dried  in  a dess lea tor  or  stored  under  vacuum  for  16  to  72  hours. 
The  plates  yield  rated  capacity  upon  activation.  Results  of  some  tests 
are  shown  in  Figure  5.  No  long  term  dry  storage  data  is  available  on 
this  technieve  as  yet,  It  appears  that  this  method  would  be  applicable 
to  plat  *s  made  oy  o>:he*~  processes 
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SILVER  OXIOE-Z INC  ri-ECTRODES  FOR  A hULTICELL  PILE 
TYPE  HIGH  POWFR  BATTERY 

Investigations  into  the  feasibility  of  a secondary  pile  type  silver 
oxide-zinc  battery  as  a candidate  for  use  in  a megawatt  level  power  system 
was  initiated  in  July  1973  by  Eagle-Picher  Industries  under  USAF  Contract 
Number  F, '13615-73-0-2074.  The  objective  of  this  nine  month  program  was  to 
demonstrate  the  capability  of  individual  components  under  the  environ- 
mental and  electrical  conditions  required  for  such  an  application  and 
project  an  overall  system  design.  Results  of  the  above  program  led  to 
the  initiation  of  the  record  phase  of  the  program  by  Eagle-Picher 
Industries  under  USAF  Contract;  Number  F3361 5-74-C-2015.  The  objective 
of  this  present  program  is  to  develop  and  build  the  basic  system  build- 
ing block  which  'Is  a 100  kilowatt  (5G0  volts  arid  200  amps)  module. 

The  present  status  of  the  program  includes  the  final  optimization 
of  the  bask,  cell  proponents  and  choir  interactions,  and  testing  of  full 
scale  muUici.il  piles  to  verify  the  designs. 

The  general  design  of  the  battery  system  is  modular  in  nature  so 
that  the  system  can  fit  the  application  figure  6 is  a graphical  re- 
presentation of  the  design  of  a battery  system.  Stacks  of  approximately 
forty  cells  are  constructed  into  a submodule  of  50  volt  and  200  amp 
capability.  Ten  submodules  then  make  up  a module  with  the  addition  of 
end  plates  (which  house  electrical  components  and  interlocking  guide 
rail.)  a I . ;i  restraining  vails.  A system  is  then  configured  by  inter- 
locking (physical ly  and  electrically)  modules. 

At  the  heart  of  the  snbrodule  is  the  pile  type  cell  shown  in 
Figure  / and  the  most  unique  characteristic  of  the  cell  is  the  bipolar 
ei>;  in  ■ : which  consists  on  an  ir*.  tercel  1 connector „ a cathode  and  the 
asoae  for  che  adjacent  cell . 


The  intercell  connector  for  the  bipolar  electrode  serves  as  toe 
cell  case,  active  material  substrate,  and  the  electrical  connect! on 
between  individual  cells  in  a pile  type  battery.  7 he  intercell  connector 
minimizes  the  electrical  resistivity  from  cell -to -tell  resulting  in  a 
considerable  reduction  in  voltage  losses,  end  since  the  connector  serves 
as  a common  substrate  to  anodes  and  cathodes,  the  current  is  distributed 
evenly  across  its  surface,  which  should  lend  itself  to  retarding  "shape 
change"  of  the  anode. 

Studies  pertaining  to  the  intercell  connector  have  been  directed 
toward:  surface  preparation,  compatibility  with  the  electrochemical 
system,  and  overall  mechanical  and  electrical  properties  Silver  has 
been  the  primary  material  utilized  in  these  studies  and  is  procured 
per  KTL-S-1 3282A  in  a continuous  roll  twelve  (12)  inches  wide.  'Pre- 
paration of  the  foil  surface  was  directed  toward  producing  a rough 
surface  for  attaching  the  active  materials,  both  silver  and  zinc. 
Processes  which  were  evaluated  included:  sandblasting,  acid  etch,  and 

elect?  iemicai  etch,  with  electrochemical  etching  in  potassium 
cyanide  found  most,  favorable. 

In  the  studies  of  the  negative  electrode  it  was  found  desirabl  .t 
to  protect  the  silver  foil  on  the  negative  side  from  the  common  electro- 
lyte. To  achieve  tnis  approach,  one  side  of  the  silver  foil  has  been 
electroplated  with  a thir.  uniform  layer  of  zinc.  The  electroplated  zinc 
on  silver  foil  as  the  anode  side  of  the  intc^cell  connector  appears 
superior  and  the  reason  will  bo  discussed  Safer. 

The  positive  side  of  the  bipolar  o1  er.tr ode  has  caused  fewer  problems 
than  any  of  the  individual  components  in  development  of  the  pile 
battery,  sod  the  processing  equipment  w s also  the  least  problem  to  set 
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up.  During  the  feasibility  study  the  most  promising  cell  configuration 
included  the  use  of  an  uncharged  pn-  ? t i e electrode,  which  also  simplifies 
the  process  by  eliminating  its  eiectroformation  prior  to  cell  fabrication. 

The  present  configuration  of  the  positive  electrode  is  a sintered, 
porous  silver  matrix  as  shown  oy  ft'M  photographs  of  Figure  8.  This 
material  is  deposited  onto  the  cathode  s:de  of  the  intercell  comrctor 
which  has  been  prepared  as  described  above.  The  active  material  dis- 
tribution is  controlled  from  .12  tc  .IF  grams  per  square  inch  at  a 
thickness  of  .0016  inch. 

The  active  positive  material  is  sprayed  over  the  entire  surface 
of  the  silver  foil  extending  across  the  seai  aiea. 

Processing  of  the  positive  side  of  the  bipolar  electrode  his  been 
set  up  in  such  a manner  that  it  can  be  used  in  a continue  s line.  How- 
ever, since  only  a limited  number  of  electrodes  are  required  for  this 
phase  of  the  contract,  the  equipment  is  used  as  a piece  part  setup. 

The  processing  equipment  is  divided  into  three  (3)  separate  sections, 
each  designed  for  continuous  operation.  They  are: 

1.  Spray  deposition 

2.  Drying/Sintering 

3.  Pressing 

The  present  process  rate  is  approximately  100  electrodes  pe*'  hour 
with  continuous  ) otential  of  600. 

The  spraying  operation  consists  of  a vented  spray  booth  with  a 
conventional  paint  spray  head  mounted  over  a continuers  belt.  The  spray 
•lead  is  microswitch  activated  as  the  cent  nuous  belt  feeds  single  electrode 
foi  l positioned  or  a rack . The  rack  is  fabric  'fed  from  woven  nickel  screen 
til  owing  overspray  to  go  through  vmthe.ri  damaging  the  sprayed  foil  by  over  . 
>r  under  running.  ,a 
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The  drying/sinteri:  ^ oven  is  constructed  from  infrared  heating 
nioii.„ies  with  the  first  seven  (7)  modules  adjustable  so  that  the  tempera- 
ture is  limited  to  approximately  300°F  providing  a zone  for  drying 
The  sintering  is  performed  in  the  next  zone  of  4 modules  where  the 
temperature  reaches  approximately  900°F. 

Press  , ig  t.f  the  electrodes  is  performed  by  two  (2)  four  (4)  inch 
diameter  rollers.  The  bottom  roller  is  permanent  while  the  top  floats 
under  a controllable  pressure. 

Considering  all  components  of  the  pile  battery  design,  most  o"'  the 
problems,  during  this  contract,  have  occurred  in  the  configuration 
and  processing  of  the  negative  electrode.  Since  the  design  of  the  pile 
battery  is  more  desirable  as  a ury-uncharged  unit,  it  is  necessary  that 
the  negative  electrode  contain,  as  a minimum,  sufficient  zinc  oxide  to 
charge  the  positive  electrode  initially.  The  remainder  of  the  active 
material  is  most  desirable  as  zinc,  and  more  adaptable  to  thin  film 
electrode  processing. 

The  present  confi guration  of  the  negative  electrode  consists  of 
vapor  depositing  onto  the  iritercell  connector,  a porous  zn.c  structure. 
Figure  9 snows  the  physical  structure  of  vapor  deposited  zinc  by  SEM 
photographs.  The  in tercel  1 connector  used  for  the  zinc  deposition  has 
previously  been  processed  for  the  positive,  with  the  exposed  negative 
side  prepared  as  described  earlier.  The  active  material  is  deposited 
directly  onto  the  interne! 1 connector  at  a material  distribution  of 
.1?  to  .14  grams  per  square  inch  with  a density  of  55  to  56  grams  per 
cubic  inch.  1 he  zinc  is  applied  only  to  the  active  cell  area,  leaving 
a foil  ’dye  to  which  the  seal  is  attached.  Chemical  analysis  of  the 
vapor  deposited  material  has  been  shove  to  be  99.4  percent  zinc.  A 
final  coat  of  zinc  oxide  is  applied  to  complete  the  electrode  by 
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spraying  the  active  material  with  .06  grams/ inch  of  zinc  oxide. 

The  electrode  described  in  the  preceding  paragraph  has  culminated 
in  a structurally  and  electrically  proven  electrode  resulting  iri  its 
use  in  test  cells  and  piles.  Problems  have  bean  evident  and  are  con- 
tributed mainly  to  internally  generated  gases  which  when  compounded 
with  the  overall  physical  configuration,  prevents  the  maximum  from 
being  exhibited  by  the  negative  electrode. 

Processing  of  the  negative  electrode  side  of  the  bipolar  electrode 
is  set  up  on  a batch  basis.  The  present  capability  can  produce  16 
electrodes  in  two  (2)  hours  which  is  limited  by  the  physical  size  of 
the  vacuum  chamber.  Full  production  could  be  scaled  up  either  in  a 
batch  basis  or  as  a continuous  strip.  To  produce  100  electrodes  in  a 
oatch  process  would  require  a chamber  approximately  six  (6)  feet  in 
diameter  by  six  (6)  feet  long. 

Difficulties  were  encountered  when  the  negative  electrode  was 
applied  directly  on  silver  foil.  Because  of  the  physical  structure 
of  the  negative  material  (porous  down  to  the  silver  foil)  when  electro- 
lyte came  in  contac  with  the  silver -zinc,  junctions  effectively  a 
shorted  ouple  was  produced.  This  problem  caused  severe  gassing  on 
activation  and  these  gasses  were  not  being  effectively  removed.  To 
alleviate  this  problem,  beaker  type  tests  are  being  conducted  on 
electrolyte  additives  and  bimetal  intercell  connectors.  Results  of 
tnese  tests  have  shown  that  by  adding  ZnO  to  the  electrolyte  (saturated) 
and  usirj  the  in tercel  1 connector  discussed  earlier  with  electroplated 
zinc  aq: inst  t he  silver  foil  (this  eliminates  the  common  electrolyte) 
the  activation  gasses  can  be  reduced  substantially. 

The  physical  design  i . modular  in  nature  so  that  the  system  con- 
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figuration  is  dictated  by  the  application.  The  basic  system  building 
block  is  a 100  kw  module  as  shown  in  Figure  10,  which  contains  ten  (10) 
fifty  (50)  volt  submodules.  The  end  plates  serve  the  dual  purpose  of 
housing  the  module  electrical  components  and  in  conjunction  with  the 
side  rails  form  the  physical  restraining  system  for  the  submodules.  The 
end  plates  will  have  male  and  female  interlocking  straps  so  that  the 
positive  end  plate  of  one  (1)  module  will  mechanically  interlock  with 
the  negative  end  plate  of  another  module. 

Two  (2)  areas  are  being  examined  independently  in  the  design  of 
the  module  electrical  system.  First,  the  monitoring  system  will  function- 
ally be  split  into  charge  and  discharge  systems  and  the  requirements  for 
each  have  been  examined.  Second,  the  control  system  which  must  be  capable 
of  handling  discharge  currents  of  200  amps  has  been  considered.  Figure  'll 
is  functional  block  diagram  of  a module  electrical  system,  including 
monitoring  and  controls  It  is  felt  that  this  system  would  be  the  minimum 
system  required. 

Data  collected  during  this  contract  has  been  used  in  a projection 
program  to  calculate  the  weight  and  volume  characteristics  of  a complete 
module  and  system.  As  a base  power  level,  a module  of  100  kw  was  used 
for  the  projection  to  a four  (4)  megawatt  system.  These  projections 
include  packaging  and  system  electrical  interconnection. 

Figure  12  shows  a comparison  at  various  module  power  levels  for 
the  combinations  shown.  The  first  design  is  a projection  using  existing 
test  data  from  multi -cell  tests  and  shows  physical  capabilities  in  com- 
parison to  that  projected.  The  results  are  within  approximately  i Of  and 
are  exceptionally  close  considering  that  the  test  cells  were  not  purpose- 
ly held  to  physical  minimum  such  as  the  seal  and  sump  design. 
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The  electrical  performance  of  full  scale  ten  cell  piles  is  shown 

p 

in  Figure  13.  A current  density  of  2.0  amps/in  appears  to  be  the  upper 
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limit  when  considering  end  voltage  and  a current  density  of  1.3  amps/ in 
is  the  lower  limit  due  to  module  weight  and  volume. 

The  primary  problem  encountered  with  the  full  scale  piles  was 
cycle  life  which  is  attributed  to  the  internally  generated  gasses  dis- 
cussed earlier  and  an  inadequate  means  of  removing  those  gasses.  However, 
Figure  14  is  a g^aph  of  cell  power  versus  cycles  and  it  shows  that  single 
cell  pi'es  cycled  as  high  as  fifty  cycles  (solid  lines)  and  the  com- 
ponents have  demonstrated  better  than  eighty  cycles  (dashed  line)  in 
beaker  type  tests.  It  is  felt  that  with  the  improvements  discussed 
earlier,  cycle  life  requirements  can  be  satisfied.  ^ 


- This  section  of  the  report  was  taken  from  AFAPL-TR-75-51 , "High 
Rate,  Rechargeable,  Silver-Zinc  Pile  Type  Battery”,  May  1975,  by 
L.R.  Crisman.  It  is  the  final  report  under  Contract  F336I5-74  C-2G45 
and  has  limited  distribution  to  U.S.  Government  agencies  only. 

Mr.  Marsh  initiated  this  contract  work.  The  information  extracted 
here  by  Mr.  Marsh  has  unlimited  distribution. 
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Figure  6,  Module/System  Physical  Breakdowns 
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Figure  10.  100  KW  Mcdtiie 
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CONCLUSIONS 


Fran  results  presented  here  u is  shown  that  significant  advances 
in  alkaline  battery  electrode  development  are  being  made.  These 
advances  are  not  only  applicable  to  military  uses,  but  a number  of 
spin-offs  on  the  commercial  market  appear  to  be  feasible.  For 
example,  the  new  nickel  cadmium  electrodes  can  be  used  both  in  the 
Commercial  Satellite  and  aircraft  industries.  The  reserve  batteries 
could  be  used  for  a number  of  emergency  power  applications. 

Possibly,  the  pile  type  battery  could  be  used  for  portable  tools, 
if  the  cost  could  be  attractively  reduced,. 

In  short,  advances  such  as  these  are  necessary  for  our  national 
defense,  and  may  have  spin-offs  to  the  commercial  market. 
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